We have developed a flood water level estimation method that only employs satellite images and a DEM. The method involves three steps: (1) discriminating flood areas and identifying clumps of each flood area, (2) extracting the edges of the identified flood area using a buffering technique, and (3) performing spatial interpolation to transform the extracted elevation to flood water levels. We compared the estimated flood water levels with the observed ones. The RMSE using the RADARSAT was 1.99 and 1.30 m at river and floodplain points, respectively, whereas the RMSE using the MODIS was 4.33 and 1.33 m at the river and floodplain points, respectively. Given that most errors are attributed to the DEM, the method exhibited good performance. Furthermore, the method reproduced the flow directions and flood water level changes during the flooding period. Thus, we demonstrated that the characteristics of flood inundation can be understood even when ground observation data cannot be obtained.
Introduction
Floods affect more people worldwide than any other hazards, and the global annual average loss caused by floods is estimated to be US $104 billion (United Nations Office for Disaster Risk Reduction 2015, Blöschl et al. 2017) . Owing to the effect of climate change, severe floods frequently occur worldwide (World Economic Forum 2014) . For example, heavy floods occurred in Thailand (2011 ), Sri Lanka (2016 ), India (2016 ), and East Africa (2018 . In 2011, five typhoons caused the flooding of the Chao Phraya River in Thailand. The total rainfall accumulated in the rainy season of 2011 was 1439 mm, which is 1.4 times that of the average rainy seasonal rainfall in several decades. Moreover, the delay in initial response caused considerable damage. Therefore, a quick response is necessary when a flood area increases because of the breaking of levees and dikes (Komori et al. 2012) .
Meanwhile, flood is a regular and essential activity in several areas (e.g. the Vietnamese Mekong Delta) (IFRCRCS 2012) . In the Mekong Delta, floods enrich the soil with sediments from the upstream of the Mekong River, resulting in good rice harvests during the nonrainy season. Floods may have both negative and positive influences on regions. Therefore, for better flood risk management and decision making, understanding their temporal and spatial characteristics very well is important.
In many studies focusing on flood characteristic analysis, flood water levels were calculated using flood inundation models (e.g. Hunter et al. 2007 , Sanders 2007 , Neal et al. 2012 , Sayama et al. 2012 , Stephens et al. 2012 , Wing et al. 2017 . Sanders (2007) evaluated the influence of different types of digital elevation model (DEM) on flood water levels and flood arrival time using an inundation model. Sayama et al. (2012) developed a model that simulates the processes of rainfall-runoff and inundation simultaneously based on a two-dimensional diffusion wave equation. Wing et al. (2017) developed a 30-m two-dimensional hydrodynamic model of the conterminous United States and reported that the developed model can provide useful information for decision making. However, while implementing such sophisticated flood inundation models, the simulation analysis is not always promptly executed because numerous model parameters and hydrological assumptions are necessary. This situation is particularly noticeable in developing countries, where available hydrological data are limited and the number of ground observations has been decreased.
Research on remote sensing (RS) and geographical information systems (GIS) provides insights into the spatial and temporal nature of floods, even when sufficient ground observations are lacking. Remote sensing and GIS aid in understanding flood characteristics from real-time satellite images. Peng et al. (2005) derived a new relationship between water level and lake area by processing Moderate Resolution Imaging Spectroradiometer (MODIS) images of the Dongting Lake in China and examined the lake area variations. Hoshikawa et al. (2016) demonstrated the evaluation effects of the construction of high dikes on the flooding characteristics of surrounding areas using the normalized difference water index of MODIS images. D' Addabbo et al. (2016) integrated synthetic aperture radar (SAR) images with ancillary data and generated more reliable flood maps. These attempts mainly aimed to discriminate flood areas (flood extent) using satellite images and reproduce a two-dimensional distribution of floods. However, the flood level (flood stage) cannot be estimated based on these studies.
It is important to monitor flood water levels because water levels determine the magnitude of inundation; hence, water level magnitude and variation are utilized to determine the flooding extent. One of the most promising studies to estimate flood level is the application of satellite altimetry data. Satellite altimetry data from the ERS-2, ENVISAT, and TOPEX/Poseidon satellites have been used to investigate water levels of rivers, lakes, and floodplains (Frappart et al. 2006 , Birkinshaw et al. 2010 , Jarihani et al. 2013 , Baup et al. 2014 . However, it is impossible to examine the flood water level of the entire flood areas using this method because satellite altimeters only measure the water level of places along their orbits. Another approach used to calculate flood water levels is the combination of flood area estimation and DEM. Islam and Sado (2000) classified the flood water depths as shallow, medium, and deep by using satellite images with digital elevation data and combined the flood depths with geological and physiographic data to develop flood hazard maps. Raclot (2006) and Hostache et al. (2009) measured the water levels of rivers through the combined use of DEMs and high-resolution images and produced flood inundation maps. To calculate the flood water level using satellite images, Matgen et al. (2007) and Schumann et al. (2007) adopted a simple linear regression to compute flood depths of a given flood event. Apart from these initial studies, several research works (e.g. Mason et al. 2007 , Pan et al. 2013 , Mason et al. 2016 , Chen et al. 2017 focused on improving the estimation accuracy, and review papers (e.g. Musa et al. 2015 , Grimaldi et al. 2016 are available. However, currently, the application of this approach to complex fluvial systems is rare because most studied areas were rivers or lakes with relatively simple topography. Thus, the applicability of this approach in highly complex rivers and floodplains with many tributaries and canals remains unknown.
This study aims to develop a flood water level estimation method for a complex fluvial system using only satellite images and a DEM. We selected the lower Mekong River region in Cambodia and Vietnam as the study area; this region is a flood-prone area and has complex canal and river systems. We used two types of satellite images (i.e. SAR and optical RS data) with different characteristics and applied the developed method. Then, the results for each satellite image were verified by comparing the ground observation data of the river and floodplain points. Moreover, we examined the strengths and weaknesses of the analysis for each satellite image and evaluated the applicability of the developed method.
Materials and methods

Study site
The Mekong River flows through six countries in the Indochina Peninsula in Southeast Asia. It is approximately 4400 km long and has a catchment area of 790 000 km 2 . The lower Mekong River region (latitude 13-8°30′N and longitude 102-107°E) is our research area in this study. This region is located in Cambodia and Vietnam and is prone to yearly floods (Fig. 1) . In the research area, the dry season is from January to June, whereas the rainy season extends from July to December. The flooding season is divided into three sub-periods as follows: initial, middle, and late. The average maximum floodplain area (excluding the Tonlé Sap Lake surface) is estimated to be 10 800 km 2 , and the water level in the Tonlé Sap Lake is estimated to be 9.09 m (Kummu and Sarkkula 2008) . In the middle of the flooding season, the increase in the water level in the Mekong River causes the Tonlé Sap River to change its flow direction and flow toward the northwest (upstream) into the Tonlé Sap Lake (Fujii et al. 2003 , Kummu and Sarkkula 2008 , Kummu et al. 2014 .
Available data
In this study, the input data used were only satellite images and the DEM (Table 1) . Optical and SAR images, which have different characteristics, were selected as the input satellite images. The SAR images used in this study were acquired using the RADARSAT satellite, which has an active sensor and employs a C-band wavelength (5.3 GHz). The C-band microwave can transmit data through clouds; hence, observations can be made under all weather conditions and at night. The spatial resolution of the SAR images is 50 m, and the revisit time of RADARSAT is 24 days. We obtained six scenes (i.e. 10 July, 27 August, 20 September, 14 October, 17 November, and 25 December 2002) of the SAR images. The optical images used in this study were acquired via the Terra satellite, which uses a MODIS sensor. The spatial resolution of these images is 250-500 m, and the revisit time of the satellite is 1 day. The MOD09A1 and MOD09Q1 products are 8-day composite images that are adjusted for atmospheric conditions, such as gases, aerosols, and Rayleigh scattering. Thus, the influence of clouds is eliminated to the highest extent possible. The DEM used in this study was provided by the Shuttle Radar Topography Mission (SRTM). The spatial resolution of this DEM is 90 m. The SRTM is on the EGM96 vertical datum, and the water level data used for validations are on the Ha Tien 1960 vertical datum. Therefore, we converted the SRTM to the Ha Tien 1960 vertical datum and utilized the converted DEM in our analysis.
The observed water levels at the rivers and floodplains were used to evaluate the accuracy of the estimated flood water levels. At the river points, the water level was observed by the Mekong River Commission (MRC). The observation points include R1, R2, R3, and R4 for the Mekong River; R5, R6, R7, and R8 for the Tonlé Sap River; and R9, R10, R11, and R12 for the Bassac River ( Fig. 1(c) ). Meanwhile, our projects in 2002 were used for observations of the water level at the floodplain points ( Fig. 1(d) ). These observed water levels are on the Ha Tien 1960 vertical datum and are used as the verification data in this study. 
Flood water level estimation method
Two analyses, namely, (a) flood area and (b) flood water level (Fig. 2) , were conducted in this study. As mentioned previously, only the satellite images and the DEM were used for these analyses.
(a) Flood area analysis. Different flood discrimination methods were employed for the SAR and optical images. When using SAR images, flood discrimination is extensively applied (e.g. Smith 1997 , Jung et al. 2010 , Schumann et al. 2010 because the water bodies have very low backscatter compared with other landforms, such as forests or urban areas. Hence, flood discrimination becomes relatively simple. The SAR emits microwaves and allows the identification of the ground surface state (i.e. flooded or non-flooded) by observing the characteristics of reflected waves. These characteristics assume that the areas with low backscatter are water in the radar image and those with relatively high backscatter are non-inundated land. The extraction of the flood area mask was accomplished by employing a thresholding technique to isolate and classify the considerably low radar returns of flooded terrains. Determining the threshold to distinguish flooded and non-flooded areas requires an iterative process. In thresholding, a range of low digital number (DN) values are assigned to the class "Flood area" through an iterative process. Then, the threshold DN value that separates the "Flood area" from the "Non-Flood area" is determined. Generally, water surfaces are fairly and consistently identified as low-return areas in the SAR data. However, depending on image gain and ground interactions, a flooded terrain may be difficult to discriminate. Hence, we applied the available field information to fine tune the classification process. In this study, the threshold value was determined to be 50 (Hatfield Consultants Ltd 2003) .
When using optical images, flood areas are identified using the enhanced vegetation index (EVI), land surface water index (LSWI), and difference between EVI and LSWI (DVEL). These indices are derived from the MODIS data and expressed as follows: 
where NIR is the surface reflectance value in the range 0-1.0 in the near infrared (841-875 nm, Band 2), RED (621-670 nm, Band 1), BLUE (459-479 nm, Band 3), and SWIR is shortwave infrared (1628-1652 nm, Band 6). Using these indices and a specific decision tree, flood discrimination algorithms were proposed by Sakamoto et al. (2006) and Sakamoto et al. (2007 Sakamoto et al. ( , 2009 ; their method was also used by other researchers (e.g. Fujihara et al. 2016) . In this methodology, the ground surface states were classified into three groups as follows: Flood, Mixture, and Non-flood. The decision tree and thresholds are expressed in the following equations: DVEL < 0:05 and EVI < 0:1 (4) LSWI < 0 and EVI < 0:05 (5) DVEL < 0:05 and EVI < 0:3 (6) EVI > 0:3
An objective pixel is classified as Flood if either Equation (4) or (5) is satisfied, Mixture if Equation (6) is satisfied, and Non-flood if Equation (7) is satisfied.
(b) Flood water level analysis. The flood water level was calculated on the basis of the relation between the extent of the flood area and the DEM. Figure 2(b) presents the flowchart of the flood water level analysis in this study. This process includes three steps as follows:
Step 1. Clumping procedure. Floods in the study area are highly complex, and the flood area is not a single area but consists of numerous flood areas. In this step, the clumps of each flood area are identified. To the best of our knowledge, this approach is unique. Delineating the water line in this complex fluvial system without using the clumping procedure is impossible. Moreover, the clumping technique renders the edges of the flood area clearer.
Step 2. Extraction of flood area edges using a buffering technique. First, the original (clumped) flood area is expanded to the outside by two grids. Then, the expanded flood area is shrunk to the inside by one grid. By repeating this process, the noise data of the flood area are removed, and the outermost buffer of the flood area becomes a simple shape. Finally, the DEM values at these outermost buffers can be obtained.
Step 3. Spatial interpolation. The extracted elevation data were transformed to the flood water level (Fig. 3) . We adopted the inverse distance weighting interpolation method wherein the value of each grid point is calculated as the weighted average value at m closest points (Burrough and McDonnell 1998; Equation (8) ). In this study, m was set to 300 based on the result of the preliminary analysis. Moreover, weights were inversely proportional to the power of the distance.
where F is an estimated value of the flood water level (m), H is an extracted elevation value (m), r − r i is the distance between an estimation point (r) (m) and a sample point (r i ) (m), p is a parameter (p = 2), and m is the number of sampling points determined by the flood area extent. These three steps were repeated from large clumps to small clumps until the nth clump, where n is the total number of clumps. To reduce the calculation time, only the clumps larger than 5 km 2 were calculated. Figure 3 illustrates the flood water level estimation method for better understanding. In the middle of the flooding period, the flood area spreads; therefore, buffer elevations with high values are extracted. Then, a spatial interpolation is performed on all grids on the inner surface of the floodplain, and flood water levels with high values are calculated. Meanwhile, in the late period of flooding, the flood area becomes narrow, and buffer elevations with low values are extracted. Moreover, flood water levels with low values are calculated. In summary, flood water level maps are developed on the basis of the relation between the flood area map and elevation value. Figure 4 shows the distribution of the flood area, as estimated using the satellite (RADARSAT and MODIS) images. The black line indicates the flood area estimated using the RADARSAT images, whereas the red and yellow lines denote the flood and non-flood areas, respectively, based on the estimation using the MODIS images. Meanwhile, the blue area indicates the mixture areas, such as inundated forests or paddy fields, which are distributed across the flood area. The estimated RADARSAT and MODIS images of the flood areas are completely consistent.
Results
Flood area analysis
To examine the estimated accuracy, the flood area was divided into four zones as follows: Zone 1 located between the Mekong River and Tonlé Sap River; Zone 2 located on the left bank of the Mekong River; Zone 3 located between the Mekong River and the Bassac River; and Zone 4 located on the right bank of the Bassac River. The flood area of each zone was calculated, and the corresponding RADARSAT and MODIS images were compared, as shown in Figure 5 . Most of the plots (i.e. 6 scenes × 4 zones = 24 plots) tended to follow a straight line. The difference between the RADARSAT and MODIS images was the largest in the initial period of flooding. However, this difference was only 339 km 2 , which is 3.2% of the total flooded area. The estimation results for the flood area were satisfactory because the estimations obtained using RADARSAT and MODIS were almost consistent. Figure 6 illustrates the distribution of the flood water level during the flooding period. The distributions obtained using the RADARSAT and MODIS data did not differ remarkably. The flood water level was extracted at ground observation points (river points, Fig. 1(c) ) and floodplain points ( Fig. 1(d) ) and compared with RADARSAT and MODIS. Figure 7 shows the results of the flood water level verification. The triangles indicate the river ground observation points, Figure 4 . Results of the flood area analysis using RADARSAT and MODIS.
Flood water level analysis
whereas the circles denote the floodplain ground observation points. Several plots obtained using the RADARSAT data for river points (Fig. 7(a) ) were overestimated or underestimated, with the root mean square error (RMSE) of 1.99 m. However, for floodplain points, most plots followed a straight line, and the calculated values reproduced the observed values. Consequently, the obtained RMSE value was 1.30 m. Many plots based on the MODIS data for river points (Fig. 7(b) ) were overestimated, and the RMSE was 4.33 m. However, for floodplain points, most MODIS data-based plots followed a straight line, except for some underestimated plots. Hence, the RMSE value for the floodplains was 1.33 m. The estimation accuracy of RADARSAT was better than that of MODIS, particularly at river points. However, the results of the RADARSAT and MODIS images were very similar at floodplain points, as indicated by similar RMSE values.
To elucidate the flow direction in the main river and its tributaries, we examined whether the relative water level difference was reproduced using the RADARSAT images because RADARSAT has better estimation accuracy than MODIS in the river. Figure 8 shows the water level distribution of the vertical section of the river in three flooding periods (i.e. initial: 10 July and 27 August; middle: 20 September and 14 October; and late: 17 November and 25 December). At every point, the calculated values were in good agreement with the observed ones for each river. Several points (R11 and R12) were located in the downstream region of the Bassac River. However, the calculated values were underestimated for the middle period of flooding (Fig. 8(c) 20 September and 14 October). At several points in the regions of the three rivers, the calculated values were overestimated for the late flooding period (Fig. 8 17 November and 25 December). In addition, the flow direction in the Mekong River and the Bassac River was from upstream to downstream during each flooding period. The flow direction in the Tonlé Sap River was the reverse during the initial period of flooding, immobility flow during the middle period of flooding, and down flow during the late period of flooding (Fig. 8(b) ). These water level distributions of the river section explain the relative water level difference (despite a few errors) in each flooding period and clarify the flow directions in the Mekong, Tonlé Sap, and Bassac rivers. We examined the flood water level analysis using MODIS images from a time-series perspective because MODIS has higher temporal resolution than RADARSAT. MODIS images can be applied by considering the calculated values of the 8-day water level changes for the river and floodplain points. Figures 9 and 10 show the results of the time-series plots of the water levels in the rivers and floodplains. In the Mekong River, the water level in all seasons can be calculated because the river width was adequate even during the dry season ( Fig. 9(a) ). However, in the Tonlé Sap and Bassac rivers, the dry season water level cannot be calculated, except at R5 (Tonlé Sap Lake), because the widths of these rivers are much smaller than the resolution of the MODIS images (Fig. 9(b) and (c) ). During the rainy season, the calculated values at most points were in good agreement with the observed values. In particular, R6, R7, and R12 had minimal errors, and their RMSE values were less than 1.30 m. However, for a few points, the calculated values were underestimated during the rainy season. Points R4, R10, and R11 were located in low-elevation areas. During the dry season, the calculated values were overestimated at several points. Points R1, R2, R3, and R9 had remarkable errors, and their RMSE values exceeded 2.50 m. Meanwhile, in most floodplain points, the calculated values were in good agreement with the observed values, and they accurately reproduced the water level change during the rainy season. In particular, points F3, F9, F10, F12, and F13 had minimal errors, and their RMSE values were less than 1.00 m (Fig. 10) . However, in several points (e.g. F16, F17, and F18), the calculated values were underestimated, and their RMSE values exceeded 2.0 m.
Discussion
This study aimed to establish a flood water level estimation method for a complex fluvial system wherein only satellite images and DEM are used. First, the RADARSAT and MODIS images were used to estimate the flood areas. Then, three steps (i.e. clumping of the flood areas, edge extraction of the flood area, and spatial interpolation) were used to estimate water levels. The calculated water levels were validated against the ground observed values for the rivers and floodplains. Moreover, the flow direction in the river was reproduced using RADARSAT images, whereas the time-series plots of the water level were reproduced using MODIS images. The reason for this is that RADARSAT has high spatial resolution and MODIS has high time resolution.
We demonstrated that, when using RADARSAT imagery, the RMSE in rivers is 1.99 m and that in floodplains is 1.30 m (Fig. 7(a) ). When using MODIS images, the RMSE in rivers is 4.33 and that in floodplains is 1.33 m (Fig. 7(b) ). These RMSE values may not be sufficient for flood water management, flood risk management, and decision making. Hence, we used the SRTM data in this study. The SRTM DEM has a relative vertical error of 3-5 m (e.g. Sun et al. 2003) . Given the SRTM error, the RMSE values in the floodplains are less than 2 m, indicating that most errors in estimating the water level can be attributed to the DEM error. Schumann et al. (2008) compared water stages using LiDAR and SRTM. They reported that LiDAR results exhibit the lowest RMSE (0.35 m), whereas SRTM results show the highest RMSE (1.07 m). Moreover, Sanders (2007) indicated that LiDAR data have a high degree of vertical accuracy (0.05-0.2 m RMSE) and SRTM has a low degree of vertical accuracy (~10 m RMSE). However, LiDAR DEM cannot be used for the Mekong floodplain. If we can use one of the LiDAR datasets, then the estimation accuracy will be less than 0.5 m and the estimated flood water level can be used for flood water management and decision making.
We demonstrated that, when using MODIS images, the estimation accuracy in the floodplain was less than 1.50 m (Fig. 7(b) ). In particular, points F3, F9, F10, F12, and F13 had minimal errors, and their RMSE values were less than 1.00 m (Fig. 10) . These results indicate that the increase and decrease in the flood water level in the complex river system during the rainy season were reproduced. In previous studies that analysed the flood water level by using satellite images, a single scene was typically targeted because the topography slope analysis in every scene and the simple linear regression calculation are critical (Schumann et al. 2007) . In this study, we developed a method to reproduce the time series of the changes in the flood water level during the rainy season using only satellite images and DEM. Hence, understanding the flooding situation easily is possible using this approach. Furthermore, information on the changes in the flood water level over a wide area will be useful when measures to prevent or reduce flooding are undertaken.
We acknowledge that this study has several limitations. The water level was overestimated for the late period of flooding and during the dry season at several points (i.e. R1, R2, R3, R8, and R9; Figures 8 and 9 ). This overestimation is attributed to the shape of the riverbed terrain. Figure 11 shows the riverbed and floodplain terrains. In the riverbed terrain, the water level changes without any change in the width of the river; therefore, the buffer elevation values will be the same for each period. Furthermore, we found that applying this method to the riverbed terrain in the late period of flooding is difficult. We expect that this problem can be solved by using high spatial resolution satellite images and DEM. Meanwhile, Samela et al. Figure 10 . Results of the time-series plots of water level in the floodplain using the MODIS images.
(2018) recently developed a new method to derive the flood-prone areas directly from the DEM. This type of method can be coupled with our developed approach, resulting in further improved performance.
Conclusions
We developed a flood water level estimation method that only employs satellite images and a DEM. We applied this method to investigate the flooding in the lower Mekong River region in 2002 and estimated the flood water level in the rivers and floodplains. The flood area analysis showed that the size and shape of the flood area can be estimated using RADARSAT and MODIS images. The difference between the RADARSAT and MODIS analyses regarding the flood area was less than 339 km 2 for each flooding period. This value is only 3.2% of the total flood area of the lower Mekong River. To estimate the flood water level, we developed a method that involves three steps, namely, (1) identifying the clumps of each flood area, (2) edge extraction of the identified flood area using a buffering technique, and (3) performing spatial interpolation to transform the extracted elevation to flood water levels. Then, we compared the estimated water levels with the observed water levels in rivers and floodplains. The results showed that, when using RADARSAT imagery, the RMSE is 1.99 m at river points and 1.30 m at floodplain points. Meanwhile, the RMSE when using MODIS imagery is 4.33 m at river points and 1.33 m at floodplain points. Given that most errors are attributed to the SRTM DEM, the proposed method has good performance in the Mekong floodplains, which have complex canal and river systems.
Furthermore, the flow directions were reproduced in the main river and its tributaries using the RADARSAT data. The flood water level analysis that uses the MODIS data reproduced the changes in the flow direction during the rainy season at the river and floodplain points. Hence, the flooding situation can be well understood in these cases. However, we found that this method cannot be applied in seasons other than the rainy season, because the change in flood water level was overestimated. This overestimation is attributed to the shape of the riverbed terrain. In the riverbed terrain, the water level changes without any change in the river width; therefore, the buffer elevation values will be the same for each water level. Moreover, radar altimeter analysis should be performed for this terrain.
Although we developed this method to investigate only the Mekong floodplain, it can be applied to other floodplains. Our method can estimate the flood water level in complex river systems and analyse the timeseries variations. Therefore, this approach could be used for better flood management and planning in floodplains worldwide.
